The natural liver extracellular matrix (ECM) achieved by decellularization holds great potential in the fields of tissue engineering and regenerative medicine. Additionally, the use of crosslinking agents on the ECM to stabilize its ultrastructure and enhance scaffold durability is gaining interest in tissue engineering. The objective of this study was to compare the scaffold properties of porcine liver ECM crosslinked with different agents (glutaraldehyde, genipin, and quercetin) to find the best strategy for producing a decellularized matrix with optimal and stable characteristics for transplantation and regeneration. The properties examined include mechanical properties, material stability, immunogenicity, and angiogenic capacity. Scaffolds were implanted into the greater omentum of rats, and their abilities to induce immune cell subpopulation invasion and neovascularization were evaluated. The results show that genipin crosslinking of decellularized liver matrices increased the mechanical and proangiogenic properties and reduced the inflammatory response in vivo.
| INTRODUC TI ON
Decellularized extracellular matrix (ECM) derived from xenogeneic organs has great potential for use as a bioactive support in regenerative medicine and tissue-engineered grafts. The use of crosslinking agents to stabilize the ultrastructure and enhance scaffold durability of ECM is gaining interest in the tissue engineering field.
1-4 Although the crosslinkage of xenograft matrices successfully reduces immunogenicity, many imperfections still remain to be overcome before large-scale use in tissue engineering and clinical treatments. The imperfections with different crosslinked ECM include poor biocompatibility, high cytotoxicity, and low efficiency to vascularize within a reasonable time. 2,5-9 Thus, searching for the optimal matrix fixation method has been studied to yield xenografts with preferable properties. In our previous studies, a cell removal process employing the decellularizing detergents sodium dodecyl sulfate (SDS) and Triton X-100 was conducted on porcine liver and kidney. 10 Moreover, we further decellularized liver matrix with two different fixation reagents, and the immunogenic characteristics of the fixed materials were revealed in vitro and in vivo. 11 We found that the natural crosslinking agent genipin, which is an iridoid dye with active carboxyl and hydroxyl functional groups, is an effective alternative to glutaraldehyde. 12 The genipin-crosslinked liver ECM alleviated host immune responses compared to uncrosslinked and glutaraldehyde-crosslinked ECM, and it had better characteristics in tissue remolding after implantation into host rats. Recently, it was reported that the natural reagent quercetin, which is normally used as an antioxidant and cardiovascular protector, is a crosslinking agent that improves the properties of decellularized heart valve ECM. 13, 14 The aim of this study is to systematically compare the scaffold properties of porcine liver ECM crosslinked with different crosslinking agents (glutaraldehyde, genipin, and quercetin) for their immunogenicity and angiogenic capacity. The most common causes for xenograft failure include insufficient angiogenesis, which is essential for oxygen and nutrient supply, making the grafts unsuitable for long-term survival. 15 To this end, the mechanical properties, stability, abilities to induce immune cell invasion, and neovascularization characteristics of crosslinked liver matrices were evaluated.
| MATERIAL S AND ME THODS

| Porcine liver decellularization and crosslinking
All experimental protocols complied with all committee regulations approved by the Animal Experiment Center of Sichuan University.
Livers (n = 6) were obtained from 20-25 kg male Bama miniature pigs stored at −20°C until use. The livers were thawed at room temperature, and the decellularization process was carried out as described previously. 11 Briefly, distilled water, 1% SDS, and 1% Triton X-100 detergents were infused into the livers step by step. Finally, to remove the residual detergents, the scaffolds were perfused with PBS containing 10% v/v penicillin/streptomycin. For the six livers, each liver was incised into 32 pieces, and each sample was trimmed into rectangular pieces (15 × 10×10 mm); then, the 32 samples were divided into four groups (n = 8/group), which were used for the preparation of glutaraldehyde-crosslinked, genipin-crosslinked, quercetin-crosslinked (QCT), and control (uncrosslinked) ECMs.
Trimmed decellularized liver tissues were incubated in an aqueous solution containing 0.625% (v/v) glutaraldehyde (Kelun, Chengdu, China), 0.625% (w/v) genipin (Sigma Chemical Co, St. Louis, MO), or 0.625% (w/v) quercetin (Klamar reagent, Shanghai, China) for 12 hours, followed by a 48-hour rinsing step in distilled water and further rinsing in PBS for 6 hours. The uncrosslinked decellularized liver tissues were used as the control group in the following experiments. For long-term storage up to 3 months, all of the liver materials were placed in 24-well plates (Corning Life Sciences, Acton, MA)
for gamma-ray sterilization.
| Histological assessment of modified ECM
The glutaraldehyde-crosslinked (GA), genipin-crosslinked (GP), quercetin-crosslinked (QCT), and control (uncrosslinked) matrices were fixed in 4% formalin at room temperature for 24 hours. After dehydration using a graded ethanol series, they were immersed in xylene and embedded in paraffin. The paraffin sections (4 μm thick) were stained with hematoxylin and eosin (H&E) to visualize to the cellular components and ECM. Masson's trichrome staining was used to analyze the collagen content of the decellularized ECM. For scanning electron microscopy (SEM) observation, the samples were fixed in 2.5% (v/v) glutaraldehyde in PBS. After washing in deionized water, the samples were dehydrated using a graded ethanol series. Then, the specimens were transferred from 100% ethanol to a HCP-2 critical point dryer (Hitachi, Tokyo, Japan) and dried with CO 2 . The samples were sputter-coated with 10 nm AuPd (60%/40% alloy) using a Denton DV-502A highvacuum system (Denton Vacuum, Moorestown, NJ, USA). Finally, the samples were visualized with a Hitachi S-4800 SEM (Hitachi, Tokyo, Japan). The collagen content was quantified using a colorimetric assay to detect hydroxyproline following a modification of Grant's method. 
| Biomechanical properties testing
The liver matrices of GA, GP, QCT, and control groups were mechanically tested (n = 3 for each group from three different livers). The strip samples were mounted onto a TRAPEZIUM material testing instrument (Shimadzu, Japan) under zero strain. The ECM strips were then subjected to uniaxial tensile testing at a 2 mm/ min extension rate. The stress-strain behavior of each sample was recorded and calculated from the slope of the steepest part of the stress-strain curves. The tensile strength and elastic modulus were chosen to represent the mechanical properties of the different groups of ECM.
| Thermal stability determination
The thermal denaturation temperature (Td), which represents the maximum temperature at which the stability of internal structures is maintained when the material undergoes gradual heating, was determined using differential scanning calorimetry (Model DSC 7, PerkinElmer, Boston, MA, USA). Briefly, weighed samples (n = 3 for each group from 3 different livers) of GA, GP, QCT, and control groups were heated at a rate of 2°C/min from 28 to 110°C in hermetically sealed aluminum pans. The temperature at the endothermic peak was the Td.
| Stability against enzymatic degradation in vitro
Before the enzymatic degradation assay, each scaffold from each group mentioned above was weighed (n = 3 for each group from three different livers), and this value was recorded as W 0. Then, the samples were soaked in sterile PBS containing 2.5 mg/mL col- 
| Liver material implantation in vivo
Sprague-Dawley (n = 96) rats weighing approximately 300 g were obtained from the animal center at the West China Hospital, Sichuan
University. All rats were randomly assigned to 4 groups (n = 24 for each group) based on sample type. The abdominal skin of anesthetized rat was sterilized, and midline abdominal skin and muscle incisions were made. The greater omentum was exposed, and the prepared sample of the chosen material was placed on the greater omentum, which was then sutured as a capsule to wrap the implant.
The capsule was returned to the abdominal cavity. The incision was closed, and the rats were returned to cages without administration of immunosuppressive agents. Animals were sacrificed at 1, 2, and 4 weeks postimplantation (n = 8/group/time points), and both implants and surrounding tissues were collected for further assessment.
| Visualization of vascularized scaffolds in vivo
To visualize the vascularized scaffolds, 4-week postimplantation rats were anesthetized by intraperitoneal injection of ketamine (6 mg/kg) and xylazine (10 mg/kg). Then, 2 mg of fluorescein isothiocyanate-dextran (FITC-dextran) (FD2000S, Sigma) in 2 mL of PBS was injected through the inferior vena cava to visualize the vessels. After circulation for 10 minutes, the implanted scaffolds were separated from the rats, and the blood vessels stained with FITC-dextran were visualized by a laser confocal microscope (Nikon, A1SI). 
| Histological analysis
| Cytokine detection at implanted sites
The inflammatory cytokine profiles and growth factor levels at the implanted site in rats were assessed by a Luminex 100 instrument with xPONENT 3.1 software using a Luminex® xMAP ™ Rat Cytokine 
| Statistical analysis
All data were analyzed using SPSS 19.0 (Chicago, IL, USA) and organized using GraphPad Prism software (La Jolla, CA). The data are presented as the mean ± SEM. Multiple comparisons were performed using the analysis of variance (ANOVA). Sample size and statistical details can be found in the figures and legends. A level of P < 0.05 was accepted as significant.
| RE SULTS
| Decellularized liver matrix
Decellularized liver matrices of GA (glutaraldehyde), GP (genipin), QCT (quercetin), and control (uncrosslinked) groups are shown in ing. There were no statistically significant differences in collagen content among the control, GP, QCT, and GA groups ( Figure 1E ).
The SEM images demonstrated that the crosslinked ECMs contained denser fibrils and more porous surfaces than did the control group ( Figure 1D) . Collectively, the histological results showed that the cellular debris of the liver was effectively removed with the decellularization process and crosslinked materials had an intact surface and porous extracellular fibers which are ideal for liver tissue engineering.
| Mechanical properties and stability of crosslinked ECMs
In terms of the mechanical strength of the decellularized liver matrices, as shown in Figure 2A , the ultimate tensile strength of the GA and GP groups increased significantly compared to the control group, while the QCT group had a mild increase in tensile strength. No significant differences in tensile strength were F I G U R E 1 Analysis of decellularized liver materials. A, Macroscopic appearance of GA-crosslinked ECM, GP-crosslinked ECM, QCTcrosslinked ECM, and control ECM. B, Histological images of liver samples stained with H&E after the dehydration and sterilization processes. Scale bars = 100 μm. C, The collagen-maintaining analysis in liver materials stained with Masson's trichrome. Scale bars = 100 μm. D, Scanning electron microscopy of the liver materials. Scale bars = 10 μm. E, The concentration of collagen in the decellularized liver materials. All data are shown as the mean ± SEM. n = 3 for each group from 3 different livers. Control, uncrosslinked; GA, glutaraldehyde; GP, genipin; QCT, quercetin detected between the GA and GP groups. Elastic modulus tests were also carried out in the current study on liver materials. As shown in Figure 2B , the crosslinked groups tended to have an increased max elastic modulus and the GP scaffold had the greatest increase.
Next, the enzymatic and thermal stabilities of crosslinked and control ECMs were determined. The weight loss values measured after the enzymatic degradation assay are shown in Figure 2C for all of the liver materials. After 24 hours of degradation, the degree of weight loss was most severe in the control group. There was also a noteworthy decrease in the weight of the QCT group after 3 hours of collagenase treatment. However, this remarkable loss was not detected in the GA or GP group, suggesting that GA and GP crosslinking after decellularization protects liver matrices from enzymatic degradation. Similarly, in the thermal stability assay, the GA group had the highest thermal denaturation temperatures (Td) of the four groups ( Figure 2D ).
| Histological characterization of implanted liver scaffolds in vivo
To investigate the host response, neovascularization, and biocompatibility of xenogeneic grafts, we implanted the GA, GP, QCT, and control scaffolds into the greater omentum of rats in vivo. Each operation was completed within 5 minutes, and the activity and feeding and drinking habits of the rats were not affected after anesthesia. Procedures for greater omentum transplantation were shown in Figure 3A . There was no significant change in the weight of the rats 1 week postimplantation. In the early stage, there were various degrees of immune response after ECM implantation in each group.
In the control group, the implants were surrounded by the greater omentum and formation of thick capsules was observed 1 week postimplantation ( Figure 3B ). Compared to the control scaffold, the implanted crosslinked scaffolds were covered with much thinner capsules. Histological analysis showed less immune cell infiltration into the crosslinked materials, indicating a weaker immunological
The mechanical strength of the liver decellularized matrices. A, The ultimate tensile strength of liver ECM samples. B, The max elastic modulus measured for the liver materials. C, The enzymatic degradation assay detects the weight lost in livers samples. D, The thermal denaturation temperature (Td) assay reveals thermal stability. &P < 0.05 and &&P < 0.01 GA-crosslinked group with respect to the control group; #P < 0.05 and ##P < 0.01 GP-crosslinked group with respect to the control group. **P < 0.01 QCT-crosslinked group with respect to the control group; All data are shown as the mean ± SEM. n = 3 for each group from 3 different livers. Control, uncrosslinked; GA, glutaraldehyde; GP, genipin; QCT, quercetin F I G U R E 3 Histologic analysis of the liver xenografts. A, Procedures for greater omentum transplantation. B, The formation of capsules in vivo at 1 wk postimplantation. Scale bars = 1 cm. C, H&E staining shows neovascularization and host immune responses toward the GPcrosslinked, GA-crosslinked, QCT-crosslinked and uncrosslinked liver ECMs at 1, 2, and 4 wk postimplantation. The dotted line indicates the border of the implants and the surrounding tissue. Arrows indicate neovascular formation. Scale bars = 100 μm. Control, uncrosslinked; GP, genipin; GA, glutaraldehyde; I, implanted porcine liver materials; QCT, quercetin; S, surrounding tissue F I G U R E 4 Host response in the implanted area. A, Granulocyte, lymphocyte, and macrophage cell counts in implants at 1, 2, and 4 wk postimplantation. Immune cells were counted in three fields at the border area between the implanted materials and the surrounding tissue on each slide at 400× magnification by the same pathologist. *P < 0.05 and **P < 0.01 QCT-crosslinked group with respect to the control group; &P < 0.05 and &&P < 0.01 GA-crosslinked group with respect to the control group; #P < 0.05 and ## P < 0.01 GP-crosslinked group with respect to the control group. B, The levels of IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-10, TNF-α, and IFN-γ in implants are shown to indicate the Th1/Th2 profile in each group at 0, 1, 2, and 4 wk postimplantation. IL-1α, IL-1β, IL-2, TNF-α, and IFN-γ are Th1 cytokines; IL-4, IL-6, and IL-10 are Th2 cytokines. *P < 0.05 and**P < 0.01 QCT-crosslinked group with respect to the control group; &P < 0.05 and &&P < 0.01 GA-crosslinked group with respect to the control group; #P < 0.05 and ##P < 0.01 GP-crosslinked group with respect to the control group; All data are shown as the mean ± SEM. n = 3 for each group from three rats. C, Representative immunofluorescent images demonstrating the M1/M2 macrophage distribution phenotypes during the host immune responses to the implants at 2 wk postimplantation. CD68 is a pan-macrophage marker. M1 cells were detected with CCR7+, and M2 cells were detected with CD206+. Scale bars = 100 μm. Control, uncrosslinked; GA, glutaraldehyde; GP, genipin; QCT, quercetin. CCR7, CD206, CD68 = green; DAPI = blue. D, The immunofluorescent staining of CD3+ and CD8+ T cells at 2 wk postimplantation. Scale bars = 100 μm. CD3, CD8 = green; DAPI = blue. E, The number of CD3+, CD8+ cells counted by IF. Ten fields were selected at the border area between the implanted materials and the surrounding tissue on each IF slide at 400× magnification by the same pathologist. ##P < 0.01 GP-crosslinked group with respect to the control group; **P < 0.01 QCTcrosslinked group with respect to the control group response. Meanwhile, major neovascularization was detected in the GP group at 4 weeks postimplantation ( Figure 3C ). At the same time point, the GA group had continuous penetration and accumulation of inflammatory cells and no signs of new blood vessels in the implant area ( Figure 3C ). In the QCT and control groups, severe degradation was observed 4 weeks after implantation. Although some blood cell penetration and small vessels were present around the implants treated with QCT, the rapid degradation of the material restricted the development of new vessels.
| Host response triggered by implants in vivo
According to the numbers of lymphocytes and granulocytes counted by H&E, the acute inflammatory reactions were significantly reduced in crosslinked ECMs compared to the control group at 2 weeks postimplantation (P < 0.01) in Figure 4A . Interestingly, the population of lymphocytes increased in the GA group at 4 weeks postimplantation ( Figure 4A ), which agreed with the H&E results and suggested a remarkable lymphocytic infiltration on the external superficies of the implanted ECM ( Figure 3C ). The population of granulocytes was slightly decreased in the GP and QCT groups ( Figure 4A ).
As immune-related cytokine secretion profiling is one of the essential criteria to evaluate inflammatory reactions, we detected the Th1/Th2 cytokine levels in the greater omentum implants at 1, 2, and 4 weeks after implantation ( Figure 4B ). Broadly speaking, most of the cytokines triggered by the control matrix had higher levels at 4 weeks postimplantation than those in the crosslinked matrix groups ( Figure 4B ). The Th1 cytokines IL-1α and IL-1β were relatively low in the GP and QCT groups (P < 0.05, QCT with respect to the control group for IL-1α at 1 week; P < 0.01, QCT with respect to the control group for IL-1α and IL-1β at 2 weeks; P < 0.01, GP with respect to the control group for IL-1α at 2 weeks), while the Th2 cytokines IL-4 and IL-6 were also at a low levels in the GP and QCT groups at 2 weeks postimplantation. There were no significant differences in the concentrations of IL-2 and IL-10 between the groups.
For TNF-α secretion, the QCT and GP groups had relatively low levels compared to the control group at 1 week postimplantation (P < 0.01 QCT vs. control group; P < 0.01 GP vs. control group). In terms of the Th1 cytokine IFN-γ, the GP matrices triggered the lowest secretion level among the four implant groups. Notably, the GA group had elevated Th1 cytokines including IL-1α, IL-1β, TNF-α, and IFN-γ compared to the control group, in accordance with the H&E staining results, which indicated that the GA matrices interrupted tissue remolding after angiogenesis after implantation.
The macrophage phenotype was characterized by immunofluorescence at 2 weeks postimplantation ( Figure 4C ), which represented the mid-term stage of the host responses to the implant. CD68 is a pan-macrophage marker. M1 macrophages were indicated by CCR7+ staining, and M2 macrophages were indicated by CD206+ staining.
There were obvious differences in the distribution of the M1 (CCR7+) and M2 (CD206+) macrophages in the different implant groups. Two weeks after implantation, the control group had more M1 macrophage (CCR7+) aggregation than did all of the crosslinked groups.
The M2 macrophage (CD206+) distribution was opposite from the M1 (CCR7+) distribution. More M2 macrophage cells (CD206+) were present in the GP group than in the other crosslinked groups. The M2-dominant macrophage polarization in the implantation area indicates that constructive tissue formation processes were occurring in the host immune response induced by the GP matrices.
Besides an acute inflammatory response, the activated lymphocytes give an indication that there is an immune response. So, the enrichment of T-cell subpopulations was also analyzed. CD3+ and CD8+ T cells were present in the implantation area in each of the four groups 2 weeks after implantation ( Figure 4D ). However, we observed an elevated level of CD3+ and CD8+ T cells in the control group ( Figure 4E ), confirming that there is activated cytotoxic T-cell recruitment in the control ECM group.
| Angiogenesis in the implants
We further investigated growth factor secretion related to neovascular formation in the implants in addition to the molecular markers of vascular sprouting. We were most interested in the profile changes through the 4 weeks after implantation, and we determined the levels of VEGF and EGF using Luminex ( Figure 5A ). The results suggested that the control scaffold had a continuously low level of VEGF secretion in the implantation area. In the GP group, a significantly increased VEGF level was observed 2 weeks after implantation. The QCT group had a decreasing trend in VEGF levels likely related to the rapid degradation of this matrix in vivo. There were no statistically significant differences detected in the levels of EGF. As molecular markers of angiogenesis, CD31 and CD105 expression in endothelial cells was analyzed using IHC 4 weeks postimplantation.
Representative sections demonstrating CD31 and CD105 expression are depicted in Figure 5B . The number of blood vessels was quantified by CD31 IHC, and the GP group had significantly more than did the other groups ( Figure 5C ). In addition, CD105, a marker of proliferating endothelial cells undergoing angiogenesis, was expressed both inside and near the GP implants at 4 weeks postimplantation, indicating enhanced angiogenic potential in the GP group compared to the other groups ( Figure 5C ).
To precisely identify the capillary structures in the scaffolds, FITCdextran was injected into the post cava at 4 weeks postimplantation.
In the images, neo-vasculature in the scaffolds is denoted with green and the red nonspecific regions of the images indicate the location of the decellularized liver matrix. There was a more obvious distribution of blood vessels in the GP group than in the other groups ( Figure 5D ).
| D ISCUSS I ON
To find an ideal procedure to improve the biocompatibility of biomaterials, various crosslinking approaches have been evaluated. [17] [18] [19] Multiple chemical synthetic crosslinking reagents, including glutaraldehyde, acetic anhydride, carbon imine hydrochloride, and adipic acid, have been used on natural tissues. 20 Although glutaraldehyde,
The analysis of neovascular formation in implants. A, The levels of VEGF and EGF secretion at 0, 1, 2, and 4 wk postimplantation. **P < 0.01 QCT-crosslinked group with respect to the control group; &&P < 0.01 GA-crosslinked group with respect to the control group; ##P < 0.01 GP-crosslinked group with respect to the control group; n = 3 for each group from 3 rats. B, Immunochemistry images detected the expression of CD31 and CD105 at 4 wk postimplantation. Scale bars = 100 μm. The dotted line indicates the border of the implants and the surrounding tissue. Arrows indicate the formation of neovascularization. C, The number of blood vessels with CD31+ and CD105+ at 4 wk postimplantation. Ten fields were selected on each IHC slide at the border area between the implanted materials and the surrounding tissue at 400× magnification by the same pathologist. **P < 0.01 QCT-crosslinked group with respect to the control group; &&P < 0.01 GA-crosslinked group with respect to the control group; ##P < 0.01 GP-crosslinked group with respect to the control group. S = surrounding tissue; I = implanted porcine liver materials. D, The staining of blood vessels after injection of FITC-dextran (green) at 4 wk postimplantation in the greater omentum. Images were obtained using confocal microscopy. Control, uncrosslinked; GA, glutaraldehyde; GP, genipin; QCT, quercetin. Scale bars = 500 μm.
the most widely used crosslinking chemical, successfully reduced immunogenicity, its application in clinics is limited by side effects such as high cytotoxicity, degeneration, and dystrophic calcification. [21] [22] [23] Therefore, natural crosslinking reagents need to be tested.
Genipin, obtained from geniposide, induces intramolecular and intermolecular crosslinking of cyclic structures within collagen fibers by spontaneously reacting with the amino acid chains or proteins. 24 As it demonstrates superior biocompatibility in anti-inflammatory, anti-thrombotic, and antioxidative measures, [25] [26] [27] [28] it has been used to repair heart valves, 29 corneas, 30 and esophagus acellular matrices. 31 Recently, a natural reagent quercetin, which is usually used as an antioxidant and cardiovascular protector, was found to be a crosslinking agent that improved the properties of decellularized heart valve ECM. 13, 14 In the present study, we systematically compared the scaffold properties, including mechanical capacity, immunogenicity, and angiogenic capacity, of porcine liver ECMs crosslinked with different crosslinking agents (glutaraldehyde, genipin, and quercetin).
The main role of tissue-engineered scaffolds is to provide suitable microenvironments and mechanical support for optimal cell growth and function. 32 Hence, we evaluated the mechanical properties of matrices treated with chemical and natural crosslinking agents. This assessment revealed that the genipin-crosslinked ECM has an increased rigidity, including tensile strength and elastic modulus, compared to the GA-crosslinked ECM. In addition, an equilibrium between implanted matrix degradation and host matrix formation is necessary for suitable tissue regeneration. 33 Compared with glutaraldehyde chemical crosslinking, the enhanced thermal and enzymatic stability of the natural GP crosslinking treatment suggested that the GP matrices can withstand in vivo forces, which implied its potential superiority in repopulation of cells.
The host immune response, neovascularization, and biocompatibility of ECM are one of the focuses in the biomaterials field. 24 Therefore, we implanted the control and crosslinked scaffolds into the greater omentum of rats in vivo to evaluate the biological properties of three different crosslinking methods. In our study, the matrices treated with three different crosslinking agents significantly alleviated the inflammatory reaction through reducing granulocyte and lymphocyte aggregation in the inflammatory area in early stages compared to uncrosslinked materials.
Th1 and Th2 cells play important roles in immune rejection or tolerance. 34 In the analysis of Th1/Th2 cytokine polarization, GAcrosslinked ECM scaffolds elicited an intense proinflammatory cytokine secretion with elevated Th1 cytokines, such as IL-1α, IL-1β, TNF-α, and IFN-γ, which may have been caused by the cytotoxic effects of the GA matrix. 35, 36 On the contrary, the Th1 cytokines IL-1α and IL-1β were relatively low in the GP group, confirming that it is less cytotoxic. 4 The same trend was apparent in the QCT group.
M2 macrophages (CD206+) are activated to restrain the activity of proinflammatory cytokines. 37 M2 macrophages also recruit anti-inflammatory cells to areas of tissue reconstruction and promote vascular growth factor expression for improved integration of implants within host tissue and angiogenesis. 38 Our study showed elevated M2 macrophage aggregation in the latter stages of the host immune response in the GP group, indicating a more favorable tissue reconstruction process. 39 Vascularization of biomaterial scaffolds is essential for tissue engineering. Meanwhile, VEGF release is critical for newly induced vessels to stabilize and persist. 39 In our study, 2 weeks after implantation, the VEGF level was significantly increased in the GP group.
Many newly formed blood vessels were observed in the GP group 4 weeks postimplantation, while angiogenesis in the uncrosslinked and QCT-crosslinked ECM groups was quite limited.
In summary, by systematic evaluation of three different crosslinking methods, we found that the genipin-crosslinked decellularized liver matrices had increased mechanical and proangiogenic properties and a reduced inflammatory response in vivo. In the future, more in vitro and in vivo work is necessary to test the ability of crosslinked decellularized liver matrices to support cellular activities, functions, and tissue regeneration.
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